In the first two years of operation a nitrogen removal efficiency of 53% and a high average elimination rate of 1,000 g N m À2 yr À1 could be observed for a two-stage vertical flow (VF) constructed wetland (CW) system. The two-stage system consists of two VF beds with intermittent loading operated in series, each stage having a surface area of 10 m 2 . The first stage uses sand with a grain size of 2-3.2 mm for the 50 cm main layer and has a drainage layer that is impounded; the second stage sand with a grain size of 0.06-4 mm and a conventional drainage layer (with free drainage). The two-stage VF system was designed for and operated with an organic load of 40 g COD m À2 d À1 (i.e. 2 m 2 per person equivalent). Data from the following years of operation showed that from the third year nitrogen elimination increased and stabilized. The median values of the nitrogen elimination rate in the first five years of operation have been 3.51, 2.76, 4.20, 3.84 and 4.07 g N m À2 d À1 , the median value of the last three years being 3.8 g N m À2 d À1 and 1,380 g N m À2 yr À1 , respectively, and the nitrogen removal >60%. It can be assumed that the vegetation as well as the biofilm development in the two-stage VF CW system plays the major role for the enhancement of the nitrogen elimination rate.
INTRODUCTION
Constructed wetlands (CWs) are a simple technology in construction as well as in operation and maintenance. They also have a high buffer capacity for hydraulic and organic load fluctuations as well as a high robustness and process stability. CWs are therefore a suitable technological solution for small villages and single households. When stringent effluent thresholds regarding nitrification have to be met vertical flow (VF) CWs with intermittent loading are widely used (e.g. Haberl et al. ; Vymazal ; Kadlec & Wallace ) .
Using single-stage VF CWs that are designed according to the Austrian design standards (ÖNORM B 2505 ) and that are operated with an organic load of 20 g COD m À2 d À1 (i.e. 4 m 2 per person equivalent (PE)), the requirements of the Austrian standards regarding maximum effluent concentrations can be met (Langergraber et al. ) . Regarding the Austrian regulation (.AEVkA ), a maximum ammonia nitrogen effluent concentration of 10 mg/L for wastewater treatment plants less than 500 PE is allowed (this has to be met for effluent water temperatures higher than 12 W C only). For organic matter the maximum effluent concentrations (i.e. 90 mg COD/L and 25 mg BOD 5 /L) have to be met throughout the year. For plants less than 500 PE there are no requirements regarding nutrient removal. However, in the case of sensitive receiving waters additional requirements for nutrient removal can be set by the authorities.
To increase nitrogen removal a two-stage VF system has been developed. During the first two years of operation, an increased nitrogen removal efficiency of 53% at high average nitrogen elimination rates of about 1,000 g N m À2 yr À1 was reached (Langergraber et al. ) . This paper shows data from five years of operation and describes the development of the treatment performance over time.
MATERIAL AND METHODS

Experimental set-up
The experimental site is located at the premises of the wastewater treatment plant Ernsthofen (Lower Austria) about 150 km west of Vienna. The experimental set-up consists of three CW systems operated in parallel whereby each system has a surface area of 20 m 2 , is planted with common reed (Phragmites australis) and is loaded with mechanically pre-treated wastewater. (Langergraber et al. , , ) .
For this study only data from the two-stage VF CW system described by Langergraber et al. () have been used. The two-stage system has two VF beds operated in series and is designed and operated with an organic load of 40 g COD m À2 d À1 (i.e. 2 m 2 per PE). Each stage has a surface area of 10 m 2 . The main layers of the two stages consist of sand with different gravel sizes, 2-3.2 mm and 0.06-4 mm (d 10 ¼ 0.2 mm; d 60 ¼ 0.8 mm) for the first and second stage, respectively. The drainage layer of the first stage is impounded whereas the drainage layer of the second stage has free drainage.
The system was constructed in April 2005 and has been operated continuously ever since. Data from September 2005 (after the initial phase of operation) until October 2009 are presented in this paper. As already described by Langergraber et al. () , the effluent concentrations and removal efficiencies have been constant for effluent water temperatures above 8 W C. For evaluation of data in this paper we use the periods for which the effluent water temperatures have been higher than 8 W C. We therefore refer to five periods (summers) although the actual operation was just for more than four years.
Sampling and analysis
As described by Langergraber et al. (, , ) samples at the experimental site were taken weekly on a routine basis and analysed in the lab of the wastewater treatment plant. Cuvette tests (Hach-Lange, Germany) have been used for analysing BOD 5 , COD, NH 4 -N, NO 2 -N, and NO 3 -N whereas organic N (N org ) was calculated using the N org /COD ratio from reference samples analysed in the lab of the Institute of Sanitary Engineering. As described by Langergraber et al. () , the N org /COD ratios have been stable and different ratios have been used for influent and effluents, respectively. Total nitrogen (TN) was calculated as sum of NH 4 -N, NO 2 -N, NO 3 -N and N org .
Statistical methods
For statistical evaluations 'STATGRAPHICS© Plus for Windows 4.0' was used. 'Box-and-Whisker Plots' have been chosen as a graphical interpretation of the statistical analysis. In 'Box-and-Whisker Plots' the box encloses the middle 50% of the data, the median value is drawn as a horizontal line inside the box and the mean value is given as a cross. Vertical lines (whiskers) extend from each end of the box. The lower/upper whisker is drawn from the lower/upper quartile to the smallest/largest value within 1.5 inter-quartile ranges. The dots represent outliers. The length of the notch around the median value represents a 95% confidence interval for the median value. If the notches of two median values from different data groups do not overlap there is a statistically significant difference between the median values at the 95 % confidence level.
RESULTS AND DISCUSSION
Influent concentrations
The influent concentrations after mechanical pre-treatment from September 2005 to October 2009 are given in Table 1 . As reported before (Langergraber et al. , ) the influent concentrations have been quite stable and high compared to typical mechanically pre-treated wastewater in Austria. The median value of the organic load has been 38.3 g COD m À2 d À1 (Number of samples ¼ 181; 95% confidence interval ¼ 1.2 g COD m À2 d À1 ). Figure 1 shows the COD influent and effluent concentrations as well as the effluent water temperature for the whole investigation period. Figures 2 and 3 show the same diagrams for NH 4 -N and TN, respectively. In Figure 2 also the periods for which the effluent water temperatures have been above 12 W C are shown. During these periods the effluent concentrations for ammonia nitrogen have been low. The exceeding of the ammonia nitrogen limit in the 2007 period was caused by a failure in the control of the pump for loading the second stage. Therefore during this period the second stage was loaded continuously and the effluent ammonia nitrogen concentration was rising. After solving the problem, full nitrification could be achieved again. Figure 4 shows the nitrogen elimination rate and removal during the different periods with effluent water temperatures above 8 W C. It can be clearly seen that nitrogen removal decreased in year 2 (2006) and increased and stabilized afterwards. A statistically significant increase of the nitrogen elimination rate can be observed after 2006 (Figure 4, left) ; also the nitrogen removal in years 4 and 5 was statistically significantly higher compared to 2006 (Figure 4, right) . The median values of the nitrogen elimination rate and the nitrogen removal during the last three years have been 3.8 g N m À2 d À1 (or 1,380 g N m À2 yr À1 ) and 61.8%, respectively, and thus statistically significantly higher compared to the figures reported by Langergraber et al. () . The nitrogen elimination rate of the two-stage VF CW system is high compared to other CW systems treating municipal wastewater (Canga et al. ) .
Effluent concentrations and removal efficiencies
After the start-up of the system the plant roots were only small and the microbial biomass was not developing well. In 2006, the second year of operation, after establishment of plant roots and microbial biomass in the first stage better nitrification (lower NH 4 -N concentrations; Figure 5 , right) could be observed. However, also the organic matter removal increased (lower COD concentrations; Figure 5 , left) thus resulting in less organic matter availability for denitrification and therefore less nitrogen removal (Figure 4, right) . From 2007 NH 4 -N and COD effluent concentrations of the first stage as well as N removal increased again. It is assumed that several factors contributed to the observed behaviour. Rhizomes of the reeds may have created new flow channels during growth, thus increasing the flow velocity in the main layer of the first stage and resulting in higher NH 4 -N and COD effluent concentrations, respectively. Additionally, also dead plant roots 
CONCLUSIONS
The following conclusions can be drawn:
• With the two-stage VF CW system designed and operated with an organic load of 40 g COD m À2 d À1 (i.e. 2 m 2 per PE) stable nitrogen removal efficiencies could be achieved during the whole operation period.
• Nitrogen removal increased and stabilized after the second year of operation thus indicating that the development of plant roots and microbial biomass in the first stage of the VF filter plays a role for the removal processes in general and for denitrification in particular.
• The nitrogen elimination rate (1,000 g N m À2 yr À1 ) and nitrogen removal (53%) published by Langergraber et al. () that have been drawn from the first two years of operation of the system seem to be too low. Based on the results presented here, a nitrogen elimination rate of 3.8 g N m À2 d À1 (or 1,380 g N m À2 yr À1 ) and a nitrogen removal of 62% can be expected.
• Compared to nitrogen removal rates of other CW systems treating municipal wastewater, a high nitrogen removal rate can be achieved using the two-stage VF CW system (Canga et al. ) .
